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ABSTRACT The U-loop of TEM b-lactamase is involved in substrate recognition and catalysis. Its dynamical properties and
interaction with water molecules were investigated by performing multiple molecular dynamics simulations of up to 50 ns. Protein
ﬂexibility was assessed by calculating the root mean-square ﬂuctuations and the generalized order parameter, S2. The residues
in secondary structure elements are highly ordered, whereas loop regions are more ﬂexible, which is in agreement with previous
experimental observations. Interestingly, theU-loop (residues 161–179) is rigid with order parameters similar to secondary struc-
ture elements, with the exception of the tip of the loop (residues 173–177) that has a considerably higher ﬂexibility and performs
an opening and closing motion on the 50-ns timescale. The rigidity of the main part of the U-loop is mediated by stabilizing and
highly conserved water bridges inside a cavity lined by the U-loop and residues 65–69 of the protein core. In contrast, the ﬂexible
tip of the U-loop lacks these interactions. Hydration of the cavity and exchange of the water molecules with the bulk solvent
occurs via two pathways: the ﬂexible tip that serves as a door to the cavity, and a temporary water channel involving the side
chain of Arg164.INTRODUCTION
Plasmid-encoded TEM b-lactamases are the main cause for
resistance against b-lactam antibiotics in Gram-negative
bacteria (1). They efficiently hydrolyze the b-lactam ring
and therefore render the antibiotic inactive. First isolated in
1965 from Escherichia coli (2), the TEM b-lactamases
within a few years have spread worldwide and are now found
in many pathogenic organisms (3). TEM b-lactamases (EC
3.5.2.6) belong to the class A b-lactamases and are globular
enzymes with a molecular mass of 29 kDa. Their structure is
composed of two domains that are closely packed together:
An all-a-domain consisting of eight a-helices, and an
a-/b-domain, consisting of three a-helices and five b-strands
(4). The active site cavity, with the catalytic residues Ser70,
Lys73, and Lys234, is located at the interface between the
two domains and is limited by the U-loop. The U-loop (resi-
dues 161–179) is a conserved structural element in all class
A b-lactamases and mediates their catalytic function because
it positions the catalytic Glu166 and is involved in substrate
binding. Its conformation is stabilized by a highly conserved
salt bridge formed between Arg164 and Asp179 (5–7) (Fig. 1).
Because of their importance in antibiotic resistance, the
structure and catalytic function of TEM b-lactamases are
well studied and characterized (8,9), but only a few studies
addressed the dynamical features of the TEM b-lactamases
and the catalytically relevant U-loop. Computational anal-
ysis of the TEM b-lactamases using molecular dynamics
(MD) simulations (10,11) showed a stable enzyme that
does not exhibit large structural rearrangements. This was
experimentally confirmed by a recently published nuclear
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from which it is evident that the protein is one of the most
ordered proteins (12). However, the flexibility of the
U-loop is still under debate: From structural analysis, it
was found that the U-loop has only few contacts with the
rest of the protein and therefore was speculated to be a flex-
ible element (13). This is supported by the molecular
dynamics study of Roccatano et al. (11), in which a flaplike
motion of the U-loop was observed. In contrast, in the MD
simulation of Diaz et al. (10) as well as in the NMR study
of Savard and Gagne (12), no indication of an increased flex-
ibility of the U-loop in the picosecond-to-nanosecond time-
scale was found.
In a comparative study of 49 high-resolution structures of
class A b-lactamases, we previously identified six highly
conserved crystal water molecules located in a narrow,
tunnel-shaped cavity lined by the U-loop and residues
65–69 of the protein core (14). By mediating hydrogen
bonds between the U-loop and the protein core, these water
molecules provide an explanation for the stability and low
flexibility of the U-loop.
To study the dynamical properties of the U-loop, the
formation of water bridges near the U-loop, and the paths
of water molecules into and out of the U-loop cavity,
multiple molecular dynamics simulations of the TEM b-lac-
tamase were performed. This approach has been used
because it has been shown that due to insufficient sampling
of the conformational space by simulations on the nano-
second timescale (15–17), in general MD simulations with
different initial conditions result in slightly different values
for the system properties (18). To overcome this limitation,
it has been demonstrated that averaging over multiple MD
simulations can improve the sampling of conformational
space considerably (19–23).
doi: 10.1016/j.bpj.2009.08.031
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cules to the outcome of a simulation, two protein-water
systems were compared: One system with the crystal water
included, and the other without crystal water. By performing
multiple simulations for each system and—as a further vali-
dation—using different water models, we were able to esti-
mate the reproducibility of our results and the significance
of differences between the two systems.
METHODS
MMD simulations of TEM b-lactamase
A high-resolution crystal structure of TEM-1 b-lactamase (Protein Data
Base (PDB) entry 1M40, resolution 0.85 A˚) (24) was used as a starting point
for multiple molecular dynamics (MMD) simulations. Protonation states of
titratable groups were determined using PDB2PQR (25), retaining existing
hydrogen atoms in the crystal structure. Two different lactamase-water
systems were prepared: One including the crystal water molecules (referred
to as MMDwat) and one without the crystal water molecules (referred to as
MMDnowat). For each system, a truncated octahedron periodic water box
of TIP3P waters was used with a minimum distance of 10 A˚ between the
box boundary and the protein, with or without crystal water for the MMDwat
and MMDnowat system, respectively. Thus, the total amount of water mole-
cules was 10,302 for the MMDwat system and 8168 for the MMDnowat
system. The net charge of 7 for both systems was neutralized by adding
seven sodium counterions. The total system size was 34,974 and 28,572
atoms for the MMDwat and MMDnowat system, respectively.
The PMEMD program of AMBER 8.0 (26) with the all-atom ff03 force
field (27) was used for energy minimization and MD simulations. The
SHAKE algorithm (28) was applied to all bonds containing hydrogen atoms,
and a time step of 1 fs was used. The Berendsen method was used to couple
the systems to a constant temperature of 300 K and a pressure of 1 bar (29).
The electrostatic interaction was evaluated by the particle-mesh Ewald
method (30), and Lennard-Jones interactions were evaluated using a 8.0 A˚
cutoff. Each system was subjected to 50 steps of energy minimization by
steepest descent to remove repulsive van der Waals contacts, followed by
150 steps of energy minimization by conjugate gradient. For each system,
10 MD simulations with different initial velocity distributions were per-
formed. In the first 150 ps, the backbone and side-chain atoms were
FIGURE 1 Structure of the TEM b-lactamase (gray). The U-loop (high-
lighted in blue) is anchored by a salt bridge formed between Arg164 and
Asp179 and positions Glu166 toward the active Ser70 (yellow).restrained using a harmonic potential with a gradually decreasing force
constant from 5 to 0.1 kcal/mol for the backbone atoms and 1.0 to
0.1 kcal/mol for the side-chain atoms. This was followed by an unrestrained
simulation of 5 ns in which snapshots were saved every picosecond. For
both systems, one simulation of 50 ns was performed.
Furthermore, two similar lactamase-water systems were prepared using
the SPC/E water model (31) instead of the TIP3P water model, but otherwise
identical parameters. The total system size was 34,965 and 2854 atoms with
10,298 and 8161 water molecules for the SPC/Ewat and SPC/Enowat system,
respectively. Both systems were equilibrated and subsequently simulated for
5 ns as described above.
Analysis of protein structure and dynamics
Analysis was performed using the PTRAJ program of AMBER 8.0 on the
last 2 ns of each MMD trajectory, unless stated otherwise. From the
extended 50-ns simulations, the last 47 ns were analyzed. All protein figures
were created using VMD (32) or PyMOL (33). The surface of the U-loop
cavity seen later in Fig. 6 was created with the program HOLLOW (34).
Results obtained on a per-residue basis were averaged for the 10 MMDwat
and the 10 MMDnowat 5-ns simulations and standard deviations were calcu-
lated.
The stability of the simulations was analyzed by calculating the root
mean-square deviation (RMSD) of the backbone atoms between each con-
former and the initial conformation (RMSD) and between all conformers
(2D-RMSD). The root mean-square fluctuation (RMSF) of the backbone
atoms was calculated after removal of the overall translational and rota-
tional motion of the protein by superimposition onto a common reference
frame.
Order parameters S2 were calculated applying the model-free approach of
Lipari and Szabo (35) to the normalized time-correlation functions of the
N-H internuclear vectors after overall rotation was removed. Order parame-
ters of residues for which time-correlation functions did not reach a plateau
value in more than six MMD simulations were treated as ‘‘not determined.’’
A principal component analysis of all concatenated trajectories was per-
formed using programs from the GROMACS software package (36). Eigen-
vectors and eigenvalues were obtained from the diagonalization of the
covariance matrices of the Ca atoms, and the principal components were
generated by projecting the trajectories on the respective eigenvectors
(37). The cosine content of the principal components was calculated to esti-
mate whether they describe random diffusion (38).
Analysis of water binding and water exchange
at the U-loop
Water bridges were identified and characterized using the software
ANKUSH (39). Only water molecules within a maximum distance of
4.0 A˚ to any non-water polar atom of the U-loop and its adjacent residues
were considered (residues 65–75, 161–180, 237–244, and 266–269). For
water bridges that were formed for at least 30% of the trajectory, the occu-
pancies and number of unique water molecules involved in a particular water
bridge were averaged and the exchange rate was calculated.
Water molecules entering and leaving the U-loop cavity were monitored
throughout the complete trajectories as previously described (40). The
region of interest was defined as a bounding sphere with its center located
at the Ca atom of Met
68 and a radius of 10.0 A˚. Thus the complete U-loop
cavity was included. All water molecules entering the region of interest were
tracked until they left the region of interest, and the number of consecutive
frames during which the water stayed inside the region was recorded. The
resulting pathways consist of the routes that individual water molecules
take when they move from the bulk solvent into the U-loop cavity and
back to the bulk solvent. Pathways with a length of<100 consecutive frames
(100 ps) were excluded from further analysis, as their visual inspection
revealed that those water molecules just touched upon the region of interest
and then moved back into the bulk solvent.Biophysical Journal 97(9) 2550–2558
2552 Bo¨s and PleissTABLE 1 Dynamical features of the TEM b-lactamase: root mean-square ﬂuctuations and order parameters S2 show less ﬂexible
residues in secondary structure elements and ﬂexible residues in loops and turns
MMDwat MMDnowat Extendedwat Extendednowat SPC/Ewat SPC/Enowat
RMSFs in A˚
All residues 0.515 0.14 0.535 0.14 0.765 0.33 0.715 0.35 0.505 0.16 0.485 0.14
a-Helices 0.475 0.10 0.485 0.10 0.655 0.18 0.635 0.23 0.445 0.10 0.445 0.09
b-Sheets 0.395 0.06 0.415 0.06 0.545 0.12 0.485 0.09 0.395 0.06 0.395 0.05
Loops 0.595 0.15 0.615 0.14 0.955 0.38 0.865 0.43 0.585 0.18 0.555 0.15
U-Loop rigid part 0.435 0.05 0.455 0.05 0.635 0.30 0.565 0.49 0.395 0.12 0.405 0.12
U-Loop flexible part 0.695 0.15 0.745 0.16 0.995 0.02 1.285 0.04 0.595 0.02 0.585 0.03
Order parameter S2
a-Helices 0.905 0.02 0.905 0.02 0.905 0.02 0.905 0.02 0.915 0.02 0.905 0.02
b-Sheets 0.905 0.02 0.905 0.02 0.905 0.02 0.905 0.02 0.915 0.02 0.905 0.04
Loops 0.865 0.05 0.865 0.04 0.855 0.05 0.855 0.05 0.885 0.03 0.885 0.04
U-Loop rigid part 0.905 0.02 0.905 0.01 0.905 0.02 0.905 0.02 0.905 0.02 0.905 0.02
U-Loop flexible part n.d. 0.83 0.725 0.05 n.d. 0.855 0.02 0.845 0.02
MMDwat and MMDnowat values represent the averages over 10 simulations.RESULTS
Multiple molecular dynamics (MMD) simulations of TEM-1
b-lactamase, comprising a total simulation time of over
200 ns, were performed. Two different lactamase-water
systems were studied: One including the crystal water mole-
cules (referred to as MMDwat), and one without the crystal
water molecules (referred to as MMDnowat). For each system,
10 independent MD simulations with a length of 5 ns each
and a different initial velocity distribution were performed.
For further validation of the results, one simulation of each
system was extended to 50 ns, and both systems were addi-
tionally simulated using the SPC/E water model.
Stability of the simulation
For each simulation, the stability of the simulation was
assessed by monitoring the root mean-square deviation
(RMSD) with respect to the minimized starting structure
(see Fig. S1, Fig. S2, Fig. S3, and Fig. S4 in the Supporting
Material). All 20 MMDwat and MMDnowat simulations were
stable and showed only a small deviation of the protein back-
bone to the initial conformation. Over the last 2 ns of the
trajectories, the average RMSD was 0.93 5 0.06 A˚ and
0.955 0.11 A˚ for the MMDwat and MMDnowat simulations,
respectively. The two systems using the SPC/E water model
had an average RMSD of 0.855 0.06 A˚ and 0.845 0.06 A˚
for the simulation with and without the initial crystal water,
respectively. The extended trajectories showed a slightly
increased RMSD over the course of the 50-ns simulation,
with an average RMSD of 1.35 5 0.17 A˚ and 1.23 5
0.16 A˚ in the simulation with and without crystal water,
respectively.
2D-RMSD plots of each simulation revealed that in most
MMDwat or MMDnowat simulations the protein backbone
kept its initial conformation throughout the complete simula-
tion, whereas in six simulations the protein backbone under-Biophysical Journal 97(9) 2550–2558went small conformational changes (Fig. S5, Fig. S6,
Fig. S7, and Fig. S8). Simulations with changes in protein
backbone conformation were present in simulations of
both systems, with no particular preference for MMDwat or
MMDnowat simulations. Snapshots were extracted from those
regions of the 2D-RMSD plots where a conformational
change was observed. Superimposition of the snapshots
showed that the conformational changes occurred mainly in
the hinge region between the all-a and the a/b domain (resi-
dues 216–229), a short part of the U-loop (residues 173–
177), other solvent-exposed loops, and the C- or N-terminal
amino acids. In particular, the conformational changes at
these positions occurred during the extended 50-ns simula-
tions, and are the main reason for the higher RMSD values.
Dynamics of the TEM b-lactamase
The backbone of the TEM b-lactamase is characterized by
a low overall flexibility, as indicated by the residue-averaged
RMSFs (Table 1 and Fig. 2 A). Residues located in sec-
ondary structure elements show less flexibility than residues
located in solvent-exposed loops and turns. Although the
majority of the U-loop residues have RMSF values similar
to residues located in secondary structure elements, the resi-
dues 173–177 have much higher RMSF values and thus are
referred to as flexible tip of the U-loop.
In addition, the flexibility of the protein backbone was
characterized by calculating the order parameter S2 from
the time-correlation functions of the N-H bond vectors
(Table 1 and Fig. 2 B). Consistent with the results obtained
by the RMSF calculations, the residues with a high order
parameter (S2 > 0.90) are mostly located in secondary struc-
ture elements of the protein, while residues in loops have
a lower order parameter. It should be noted that the time-
correlation function of eight residues in MMDwat did not
reach a plateau value in seven or more simulations, and
therefore no order parameter could be determined. Catalytic
U-Loop: Dynamics and Water Binding 2553residues (Ser70, Lys73, and Lys234) are highly ordered (S2 >
0.90), with the exception of Ser130. Consistent with the
results of the RMSF analysis, the U-loop is rigid with order
parameters similar to residues located in secondary structure
elements, while the residues in the tip of the U-loop show
remarkably lower order parameters.
The essential dynamics analysis of the combined 200-ns
trajectory showed that the first 20 eigenvectors constitute
70% of the overall protein motion. The largest correlated
motion was a movement of the two domains relative to
each other, which could be best described as contracting
and stretching motion, as well as a flaplike motion of the
flexible U-loop tip. The principal component associated
with this motion had a cosine content of 0.31, indicating
that it partly describes random diffusion due to insufficient
sampling. The focused essential dynamics analysis of the
U-loop showed that the first five eigenvectors constitute
79% of the overall motion of the U-loop and that the move-
ment of the flexible tip was the largest correlated motion
within the U-loop. The cosine content of the first five prin-
cipal components was <0.13, indicating sufficient sampling.
To further analyze the higher flexibility of the residues in
the tip of the U-loop, the distance between the center of mass
FIGURE 2 Dynamical features of the TEM b-lactamase: (A) RMSF and
(B) order parameter S2 of the MMDwat (red) and MMDnowat (black) simula-
tions. The catalytic Ser70 and the residues forming the U-loop are marked
and the secondary structure is annotated (helices, black; sheets, green; loops,
gray). Residues for which no order parameter could be determined are
missing in the graph.of the Ca atoms of these residues and the center of mass of
the Ca atoms of the oppositely located residues 65 and 66
of the protein core was measured. The average distance in
MMDwat and MMDnowat simulations (8.4 5 0.6 A˚ and
8.2 5 0.5 A˚, respectively), as well as in SPC/Ewat and
SPC/Enowat simulations (8.4 5 0.3 A˚ and 8.7 5 0.4 A˚,
respectively), was similar to the initial distance in the crystal
structure (8.2 A˚). In most of the snapshots of the 5-ns trajec-
tories, the distance was within 1 A˚ of the distance of the
crystal structure. On average, in only 10% of the snapshots
of each trajectory, the distance changed for >1 A˚ with
respect to the crystal structure. In seven MMDwat and five
MMDnowat simulations the distance increased, while in two
simulations of each system the distance decreased.
As the residues of the flexible tip contribute to the entrance
of theU-loop cavity, an increase in the distance to the protein
core can be referred to as an opening movement, a decrease
as a closing movement. A complete opening and subsequent
closing movement was not observed in any 5-ns MMDwat
and MMDnowat simulation, as an increase and decrease in
the distance seemed to be mutually exclusive in an individual
simulation at this short timescale. However, in one of the
extended 50-ns simulations a complete opening and closing
movement was observed (Figs. 3 and 4). While the tip of the
U-loop stays in the open conformation for ~20 ns, the
conformational change associated with the opening and
closing movement is fast and takes place in <100 ps. The
analysis of the U-loop backbone dihedral angles over the
50-ns trajectory revealed that only the residues of the flexible
tip exhibited dihedral angle changes that were correlated
with the changes in the distance to the protein core.
A change of jAla172 from 0
 to 30 at 5 ns initiated the
opening movement and led to a concerted displacement of
the subsequent residues 173–177 away from the protein
FIGURE 3 Flexibility of the U-loop. Whereas most of the residues of the
U-loop are rigid during the simulations (dark blue), the flexible tip of the
U-loop (cyan) performed an opening and closing movement by increasing
and decreasing its distance to the protein core (gray). Shown are the two
snapshots of the extended 50-ns simulation with the minimum and
maximum distance.
Biophysical Journal 97(9) 2550–2558
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
to –100 and ofjAla172 from30 to 150 occurred. In addition,
jGlu171 changed from –30
 to 100. These changes had no
major impact on the conformation of the flexible tip and
thus the distance between the flexible tip and the protein
core remained unchanged. At 23 ns, the simultaneous change
infPro174 andjAsn175 from140
 to –30 and from80 to –80,
respectively, marked the beginning of the closing movement.
In consequence, residues 173–175 started to bend back
toward the protein core. Two nanoseconds later, with changes
in the backbone dihedral angles of Asp176 (j from 130 to
–20), Glu177 (f from –90 to 90), and Glu171 (j from
100 to 0), the closing movement was completed (Fig. S11).
Water binding at the U-loop
To characterize the interaction of water molecules with the
U-loop and adjacent residues, water bridges (WB), defined
as a set of two or more non-water polar atoms of different
residues that interact with a particular water molecule,
were calculated. This allows us to derive temporal informa-
FIGURE 4 Distance between the U-loop tip and the residues of the
protein core. Compared to the distance in the crystal structure (blue line),
the distance in the extended 50-ns simulation shows an opening movement
that lasts for ~20 ns. Shown are the distance from the MD simulation
sampled at 1-ps intervals (black line) and the running average over 1 ns
(red line).Biophysical Journal 97(9) 2550–2558tion like occupancies (in percent of analyzed simulation
time) and exchange rates (number of different water mole-
cules involved in forming a certain water bridge during the
analyzed simulation time).
Three water bridges could be distinguished inside the
U-loop cavity (Fig. 5), which are among the highest occu-
pied water bridges detected and which form hydrogen bonds
exclusively to main chain atoms of the adjacent residues
(Table 2). WB1 connects residues Met68 and Met69 of the
protein core to residues Leu169 and Asp179 of the U-loop
and is highly occupied in all simulated systems with a low
rate of exchange. WB2 connects residues Leu169 and
Ala172 of the U-loop and is also highly occupied in all simu-
lated systems with the exception of the extended 50-ns simu-
lation, in which the U-loop changed its conformation. The
exchange rate is similar to WB1. WB3 resides between resi-
dues Ile173 and Asp176 at the entrance of theU-loop cavity. In
contrast to the other water bridges, it has a lower occupancy
and a considerably higher exchange rate.
Exchange of water molecules with the bulk
solvent
During the simulations, an exchange of the water molecules
in the U-loop cavity with bulk solvent occurs. Therefore, the
FIGURE 5 Formation of water bridges (WB1–WB3) inside the U-loop
cavity by hydrogen bonding of water molecules to main chain atoms of
the U-loop (blue, with flexible tip in cyan) and the protein core (gray).TABLE 2 Highly occupied water bridges in the U-loop cavity
MMDwat MMDnowat Extendedwat Extendednowat SPC/Ewat SPC/Enowat
Occupancies (in percent of analyzed simulation time)
WB1 90.805 5.62 91.115 6.67 86.25 90.52 95.25 88.80
WB2 87.495 29.28 96.625 3.37 93.13 — 99.85 99.90
WB3 81.205 10.51 81.115 7.65 82.68 39.95 91.40 97.75
Number of different water molecules (during the analyzed simulation time)
WB1 1.2 5 0.4 1.35 0.7 5 1 1 1
WB2 1.5 5 0.7 25 1.4 16 — 1 1
WB3 25.05 6.7 23.85 6.7 249 296 8 16
MMDwat and MMDnowat values represent the averages over 10 simulations.
U-Loop: Dynamics and Water Binding 2555paths of all water molecules that moved into the spherical
region of interest were tracked. Two entry and exit points
to the cavity were observed. The first entry and exit point
is located at the entrance of the U-loop cavity near the flex-
ible tip and was permanently present in all simulations. The
second entry and exit point is located at a gap between the
residues Arg164, Glu171, Ile173, Asp176, and Arg178. This
water channel was temporarily formed during the simula-
tions and was not obvious from visual inspection of the
initial crystal structure (Fig. 6).
In all simulated systems, on average 90% of all water
paths had a length of <1 ns, regardless of the simulated
system, the solvent model, and the simulation length. These
water molecules in general did not penetrate deeply into the
U-loop cavity, but diffused from the bulk solvent to one of
FIGURE 6 Entry and exit points of the U-loop cavity (red surface). Entry
and exit point P1 is located at the flexible tip of the U-loop (cyan). Entry and
exit point P2 is a temporarily formed opening lined by U-loop residues
Arg164, Glu171, Ile173, Asp176, and Arg178.the two entrance points described above, where they stayed
for a short amount of time before again diffusing back into
the bulk solvent. However, in each simulation a small
number of water paths with a length between 1 ns and 5 ns
in the MMD simulations and between 1 ns and 41 ns in
the 50-ns simulations was observed. These water molecules
moved deeply into the inside of the U-loop cavity, where
some of them stayed at well-defined positions corresponding
to the location of the water bridges for the remainder of the
trajectory (Fig. S9), while others left the U-loop cavity again
by one of the two exit points (Fig. S10).
Although all possible combinations of entry and exit
points were observed for water molecules to enter and leave
the U-loop cavity, water entrance and exit was fourfold and
1.5-fold, respectively, more frequent via the first rather than
the second entry and exit point.
Hydration of the U-loop cavity in simulations
starting without crystal water
In the MMDnowat simulations, the crystal water molecules
were excluded from the initial system preparation and there-
fore the U-loop cavity initially did not contain any water
molecule. To gain insight into the process of U-loop solva-
tion, all trajectories starting without crystal water molecules
were visually analyzed. It was observed that theU-loop cavity
was already solvated at an early stage of the simulations, and
that the solvation process was similar in all simulations: At 20
ps, the first water molecule entered the opening of the U-loop
cavity formed by residues 65 and 66 of the protein core and the
flexible tip (residues 174–176). Soon after, further water
molecules followed (Fig. 7). After 400 ps, the U-loop cavity
was fully solvated, and the water bridges were established.
From now on, water bridges in the U-loop cavity were iden-
tical in the MMDnowat and MMDwat simulations.FIGURE 7 Gradual solvation of the U-loop cavity con-
sisting of the U-loop (residues 161–179, dark blue) and
residues of the protein core (residues 62–74, gray) at four
different time steps of simulation MD1nowat. The first water
molecules enter the cavity at 20 ps near the flexible tip
(residues 173–177, cyan).Biophysical Journal 97(9) 2550–2558
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Inﬂuence of the crystal water molecules
The comparison between simulations of the TEM b-lacta-
mase starting either with or without crystal water molecules
did not indicate any influence of the missing initial crystal
waters on the MD simulations. The studied properties of
protein flexibility, U-loop dynamics, and water binding
were similar in both systems. Discrepancies in the average
RMSF values around residues 70 and 130 were not signifi-
cant, when taking into account the standard deviation
(Ser70: RMSFnowat ¼ 0.47 5 0.11 A˚ and RMSFwat ¼
0.41 5 0.06 A˚; Ser130: RMSFnowat ¼ 0.49 5 0.09 A˚ and
RMSFwat¼ 0.395 0.04 A˚). Regardless of the initial starting
conditions, within the timescale of 1 ns, the water binding
patterns at the U-loop of TEM b-lactamase were established,
and the dynamics of the protein and of the U-loop were
similar in both systems.
Dynamics of the TEM b-lactamase
All MD simulations performed in this work have shown that
the TEM b-lactamase was stable during the timescale of the
simulation. It deviated only slightly from the initial crystal
structure and did not undergo significant conformational re-
arrangements. The dynamics and the flexibility of the protein
were probed by analyzing the RMSF and S2 order parame-
ters. From both properties, it is evident that residues located
in secondary structure elements had a low flexibility and
were highly ordered, in contrast to residues located in loop
regions, which were more flexible and less ordered. This is
in agreement with a previous short 1-ns MD simulation of
the TEM b-lactamase, in which only small structural changes
occurred during the simulation (10). However, a more recent
5-ns MD simulation using a different force field and water
model describes a motion of one domain relative to the other
by essential dynamics analysis (11). We acknowledge the
observation of similar motions in our 5-ns simulations;
however, the associated principal component had a consider-
able amount of cosine content. Thus, the adequate descrip-
tion of the complete global motions and dynamics of the
TEM b-lactamase protein requires longer simulation times.
It was shown that the order parameter S2 for the backbone
amide N-H bond vectors from NMR can be reproduced by
MD simulations for residues exhibiting motions on a short
timescale (41). In a recent NMR study of the TEM b-lacta-
mase, an average generalized order parameter S2 of
0.90 5 0.02 was determined for the complete protein, thus
giving experimental evidence for a highly ordered protein
(12). The average S2 for all residues calculated from our
MMD simulations showed agreement with the experimental
data (MMDnowat: 0.895 0.04, MMDwat: 0.885 0.04). The
highly ordered N- and C-terminal residues and the highly
ordered residues in secondary structure elements, as well
as the high order of active site residues, are reproduced byBiophysical Journal 97(9) 2550–2558the MMD simulations. With the agreement between the
calculated and experimental S2, our study further strengthens
the picture of the TEM b-lactamase and its overall dynamical
behavior as a very compact and rigid protein. Since all other
members of the class A b-lactamases have a very similar
structure, this overall rigidity might be a common property
of the whole protein family. While the main part of the
U-loop is rigid with S2 comparable to residues in the protein
core, the tip of the U-loop (residues 173–177) has a consider-
ably higher flexibility. As observed in one of the extended
simulations and indicated by the essential dynamics analysis
and the distance measurements, the tip of the U-loop
performs an opening and closing motion.
Thus, the MMD simulations can consistently explain
results from previous MD simulations in the timescale of
up to 5 ns, which seemed to be contradictory: Although
Diaz et al. (10) observed only slight deviations from the
crystal structure, in the MD simulation of Roccatano et al.
(11) the tip of the U-loop moved closer to the core of the
enzyme. Both events, the unchanged U-loop tip conforma-
tion and the closing movement of the tip, are part of the
opening and closing motion and have also been observed
in different individual 5-ns MD simulations of this work.
However, the complete opening and closing motion was
observed only in one of the extended 50-ns simulations,
which indicates that this motion occurs on a longer time-
scale. This is supported by the NMR study of Savard and
Gagne (12), who observed the presence of motions of the
U-loop in the microsecond timescale. The high flexibility
of theU-loop tip residues is also supported by the NMR anal-
ysis, which demonstrates that S2 drops from 0.915 0.04 for
the rigid part of the U-loop to 0.845 0.01 for the flexible tip
region (12).
The role of water in stabilizing the U-loop
Water is known to have a crucial role in protein structure,
dynamics, and activity (42–45). The analysis of 49 of
high-resolution TEM b-lactamase structures derived from
proteins crystallized under different conditions led to the
finding that six highly conserved crystal water molecules
are associated with the U-loop (14). In the MD simulations
of the TEM b-lactamase, only three water molecules, buried
in the U-loop cavity, were identified to form water bridges
between residues of the U-loop and between residues of
the U-loop and the protein core. The location of these water
bridges corresponds to the location of three conserved water
molecules detected also in x-ray structures (14). The other
three conserved crystal water molecules were not detected
in the MD simulations and are located at the entrance of
the U-loop cavity, close to the flexible tip of the U-loop.
These water molecules might not have been detected by
the water bridge analysis, as suitable residues are too far
away to form stable water bridges or are too flexible to be
occupied for a longer time.
U-Loop: Dynamics and Water Binding 2557The high residence time of the water molecules inside the
U-loop cavity, forming highly occupied water bridges even
in simulations starting without crystal water, together with
their high conservation at well-defined positions in multiple
crystal structures, led us to the conclusion that these water
molecules are involved in stabilizing of the U-loop confor-
mation and in packing the U-loop to the protein core. This
conclusion is supported by the results of previous studies
on crystallographic data of other proteins that have shown
the involvement of conserved water molecules in packing
loops to b-strands (46), stabilization of hairpin structures
(46), and stabilization of twisted b-turns (47). It is further
supported by an analysis of high-resolution protein struc-
tures, which concluded that well-resolved, internal water
molecules preferentially reside near residues that are not
part of an a-helix or a b-strand, and help to saturate intramo-
lecular hydrogen-bond donors and acceptors of the protein
backbone (48). Indeed, in our simulations the hydrogen
bonds of the water bridges are exclusively formed by back-
bone atoms. It was shown experimentally that water can
directly interact with the protein backbone and side chains
in the protein interior (49) and that the residence times of
buried water molecules are much longer than those of water
molecules at the protein surface (50). A differential scanning
calorimetry study has indicated that buried water molecules
contribute to protein stability (51). Therefore, the water
molecules packed between the U-loop and the protein core
can provide an explanation for the rigidity of the U-loop
and the flexibility of the tip. Whereas the main part of the
U-loop is stabilized by water molecules, which act as struc-
tural glue, the tip of the U-loop lacks these interactions and
thus shows an increased flexibility.
The calculation of path lines to track those water mole-
cules that enter or leave the U-loop cavity led to the observa-
tion that some water molecules leave the U-loop cavity
through a temporarily formed opening lined by the side
chains of Arg164, Ile173, Asp176, and Arg178. This may help
to understand the effect of the Arg164Ser or Arg164His substi-
tution that is often observed in extended-spectrum b-lacta-
mases. Arg164 is part of a salt bridge (Arg164-Asp179) that
anchors the U-loop. It has been shown that substituting
Arg164 by uncharged amino acids disrupts the salt bridge
and the structure of the U-loop breaks down. As a conse-
quence, more bulky substrates can bind to the active site
(6), which leads to extended spectrum b-lactamases activity
of these mutants. A conformational change of the U-loop in
the region between residues 167 and 175 is seen in the crystal
structure of variant TEM 64 (52), in which the salt bridge is
disrupted by an Arg164Ser substitution and almost all
conserved water molecules at theU-loop are missing. Taking
into account our observation that conserved water molecules
help to stabilize the U-loop, a possible explanation for the
effect of the Arg164Ser or Arg164His substitution could be
that the smaller side chains promote the opening of the
temporary water channel and in consequence this couldlead to an increase in the exchange rate of bound water mole-
cules in the U-loop cavity and thus to a destabilization of the
U-loop. However, this assumption needs further verification
by detailed MD simulation studies of the mutant protein.
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